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The corpus callosum is the most prominent commis-
sural connection between the cortical hemispheres,
and numerous neurodevelopmental disorders are
associated with callosal agenesis. By using mice
either with meningeal overgrowth or selective loss
of meninges, we have identified a cascade of mor-
phogenic signals initiated by themeninges that regu-
lates corpus callosum development. The meninges
produce BMP7, an inhibitor of callosal axon out-
growth. This activity is overcome by the induction
of expression of Wnt3 by the callosal pathfinding
neurons, which antagonize the inhibitory effects of
BMP7. Wnt3 expression in the cingulate callosal
pathfinding axons is developmentally regulated by
another BMP family member, GDF5, which is pro-
duced by the adjacent Cajal-Retzius neurons and
turns on before outgrowth of the callosal axons.
The effects of GDF5 are in turn under the control
of a soluble GDF5 inhibitor, Dan, made by the
meninges. Thus, the meninges andmedial neocortex
use a cascade of signals to regulate corpus callosum
development.
INTRODUCTION
The corpus callosum coordinates interhemispheric functions
critical for cognition by providing axonal connectivity across
the midline between cortical areas that are required for a variety
of sensory, motor, and emotional processing. In addition, cal-
losal agenesis is associated with a wide variety of neurodevelop-
mental and psychiatric diseases (Paul et al., 2007). The corpus
callosum develops late in gestation and is evolutionarily young,
having developed in importance as neocortical size and function
increased (Mihrshahi, 2006). In mice, medially projecting callosal
axons reach the midline at embryonic day 15 (E15), and the first
cingulate pioneer axons cross the midline at E16 (Koester and
O’Leary, 1994; Ozaki and Wahlsten, 1998; Rash and Richards,
2001). If cortical axons approach the midline but the pathfinding
cells do not cross the midline, the callosum fails to form and
Probst bundles form, which consist of cortical axons projecting698 Neuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc.anterior-posterior instead of crossing the midline (Paul et al.,
2007).
The paired cerebral hemispheres develop by producing excit-
atory projection neurons in the neurogenic niche adjacent to
the ventricles. These cells migrate radially away from the ventri-
cles to generate laminae in the more superficial cortex. Matura-
tion of the cortical neurons occurs near the meningeal surface,
and many neurons send dendrites toward the pial surface,
whereas axons generally project in the opposite direction
toward the ventricle, eventually turning laterally to project
caudally out of the cortex or medially to project across the cal-
losum. The midline meninges, across which the callosum forms,
is the only site in the cortex where axons reach and project
across the pial surface.
The three cortical meningeal layers are derived from the cranial
neural crest, which generates a variety of cellular derivatives
important for face and head development and evolution (Serbed-
zija et al., 1992). Recently, we reported that the meninges are
a key regulator of embryonic cortical neurogenesis by secreting
an instructive cue (retinoic acid) that regulates the onset of
neuron production (Siegenthaler et al., 2009). These data, along
with previous work from our laboratory and others (Borrell and
Marı´n, 2006; Li et al., 2008, 2009; Lo´pez-Bendito et al., 2008;
Paredes et al., 2006), indicate that the meninges are an instruc-
tive signaling source during cortical development. This led us to
consider the idea that the meninges may also play a role in axon
guidance during callosum formation, because these axons
appear to directly interact with the meninges (Alcolado et al.,
1988).
There are still major unanswered questions about how the
corpus callosum forms. Previous studies showed that Slit
ligands, presented from a localized group of midline radial glial
cells called the glial wedge, help to funnel callosal axons toward
the appropriate midline location for future crossing (Bagri
et al., 2002; Shu and Richards, 2001). Cingulate cortex pioneer
neurons are generated from radial glial progenitors in the medial
cortex, and these progenitors also form the glial wedge. These
pioneer neurons are the first cells to project across the midline
and serve as a critical scaffold for the remainder of the callosal
axons to successfully cross (Rash and Richards, 2001; Shu
and Richards, 2001). Thus, the interaction of cingulate neurons
and the apposed meningeal tissues could be important for
formation of the callosum. Importantly, unveiling further mecha-
nisms regulating corpus callosum formation may provide impor-
tant insights into callosal agenesis in humans.
Figure 1. Msx2-Cre Drives Recombination of Ctnnb1lox(ex3) in the Skin and Leads to Ectopic Wnt6 Expression and Callosal Agenesis
(A–A00) The ROSA-YFP reporter reveals the recombination pattern for Msx2-Cre in the outermost layer of the head, the skin, which was double immunostained
with anti-K5 cytokeratin (red) and anti-GFP (green) antibodies. Nuclei were counterstained with DAPI (blue).
(B and B0) Comparison of E16.5 mutant and control embryos shows that mutants have skin and skull defects.
(C and D) Representative coronal sections of the mouse brains at E14.5 show Wnt6 (C) and Wnt10b (D) expression: arrows indicate the low level, unchanged
expression in the skin.
(E) Ectopic Axin2 expression in the corresponding region (red arrows).
(F) Lef1 (red) expression in anti-Zic-labeled meningeal cells (green) at E14.5 and expansion of Lef1 and Zic-double-positive meningeal cells in the Msx2-
Cre;Ctnnb1lox(ex3) brains (white arrows).
(G) Mutant mice are acallosal. Immunostaining of NF-M (green) and L1 (red) in the WT and Msx2-Cre;Ctnnb1lox(ex3) E17.5 brains at the level of corpus callosum
(cc), hippocampal commissure (hc), and anterior commissure (ac). All embryos were obtained from different litters and different pairs of parents. To minimize the
staining variation, we placed control and mutant sections side by side on the same slide and stained them in the same procedure. All images in the same
comparison were acquired on the same microscopic setting. Fewer than six embryos were examined for control and experimental conditions, and these were
from multiple litters. The immunohistochemistry was performed a minimum of six times on different embryos, and the in situ hybridization was performed three
times on different embryos. Scale bar in (A00) represents 16 mm. All other scale bars represent 200 mm.
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in the course of examining a mouse model we generated
which expresses more meningeal secretory molecules due to
meningeal overgrowth. We used Msx2-Cre to generate excess
meninges around the cortex and cortical midline and discovered
that this leads to defects in callosal formation. This suggests that
the meninges produce factors that prohibit midline crossing.
In support of this idea, ablation of midline meningeal cells at
midcorticogenesis leads to an expanded corpus callosum. We
then directly tested the functions of meningeal-secreted factors
on corpus callosal crossing and have identified a cascade of
signals that regulates callosum development. Specifically, we
identified a complex interplay between BMP7 secreted by the
meninges and Wnt3 produced by the callosal pioneer neurons
that coordinates the timing of corpus callosum formation.
RESULTS
Expression of Stabilized b-Catenin in the Skin Leads
to Inappropriate Wnt6 Expression
To investigate the effect of meningeal secretory molecules
on embryonic brain development, we set out to generate atransgenic mouse line with expanded meninges by using a
meninges-specific cre mouse line. We decided to try using an
Msx2-Cre mouse line which uses the 439 bp 50 flanking region
of the mouseMsx2 gene and crossed the line with exon 3 floxed
b-Catenin (Ctnnb1lox(ex3), shortened as bE3 in the figures) to
express stabilized constitutively active b-catenin in themeninges
(Harada et al., 1999; Sun et al., 2000). The native Msx2 gene is
normally expressed in the meninges (Rice et al., 2003); however,
the transgenic Msx2-Cre line drives recombination not in the
meninges but instead in the skin, revealed by crossing with the
ROSA-YFP CRE reporter line (Figures 1A’and 1A00 and low
magnification in Figure S1B, available online) and the Rosa-
LacZ CRE reporter line (Figure S1C). There was no yellow fluo-
rescent protein (YFP) or lacZ expression in the meninges or
any regions of the brain.Msx2-Cre drove recombination starting
from E13.5, and the YFP expression persisted postnatally (Fig-
ure S1; data not shown). At E16.5, the Msx2-Cre;Ctnnb1lox(ex3)
mutant embryos were smaller, the skin over the head was
thinned, and the skull was malformed (Figures 1B and 1B0).
Persistent activation of the Wnt pathway in the skin of the
Msx2-Cre;Ctnnb1lox(ex3) mutants led to increased expression of
Axin2, a well-established Wnt target gene (Jho et al., 2002), inNeuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc. 699
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Meninges Control Callosum Formationthe skin (Figure 1E). Interestingly, there was also increased
expression of the Wnt-responsive transcription factor Lef1 in
a nonautonomous manner in the underlying mesenchymal
tissue, including the meninges (Figure 1F). This made us wonder
whether there wasWnt signaling-dependent expression of aWnt
ligand in the skin that was then signaling to the underlying
tissues. Wnt6 is normally expressed high laterally and low
dorsally in the skin of the head (Figure 1C) and is absent from
the midline. However, in the Msx2-Cre;Ctnnb1lox(ex3) mice,
Wnt6 expression covered the entire dorsal surface of the head.
We also found that Wnt6 was elevated about 1.5-fold compared
to control by using quantitative real time PCR (qRT-PCR) on
mRNA isolated from whole head (Figure S2C). Expression of
Wnt10b, another skin-specific Wnt, was not altered (Figure 1D),
indicating that persistent activation of the Wnt signaling pathway
in the skin leads to specific upregulation of Wnt6 expression.
Mutants with Persistent Activation of the Wnt Pathway
in the Skin Are Acallosal
Beyond the skin and calvarial defects, we found that in theMsx2-
Cre;Ctnnb1lox(ex3) mice, the main cortical commissural pathway,
the corpus callosum, failed to form (Figure 1G). However, in the
same mutants, other commissural pathways, including the ante-
rior commissure and hippocampal commissures, were still
formed (although the hippocampal commissure was slightly
smaller in size than normal) (Figure 1G). At E17.5, a day before
the mutant embryos die, it was apparent that the callosal axons
stopped at the cortical midline, rather than crossing formed
Probst bundles (asterisk in Figure 1G), which are aberrant axonal
tractsmade upof callosal axons that fail to cross themidline (Paul
et al., 2007). These callosal defects were also observed in hori-
zontal sections of mutant animals (Figure S1A) and showed full
penetrance from 14 mutant embryos that we analyzed. Because
the failure of corpus callosum formation is a dramatic midline
structural defect, we wondered how excess Wnt signaling in
the dorsal skin might cause this phenotype. There have also
been numerous studies showing strain differences in the appear-
ance of corpus callosum defects in mice with some strains
(e.g., 129 and Balb/c); however, our colonies of Msx2-Cre and
Ctnnb1lox(ex3) mice have been extensively crossed into the CD-
1 background, not noted for defects in the corpus callosum.
One possible cause of agenesis of the corpus callosum could
be defects in the development of the cortical projection neurons.
This phenotype has often been observed in mutant animals
for the transcription factors governing maturation of the cortical
callosal neurons that comprise layer II/III (Alcamo et al., 2008;
Armentano et al., 2006; Britanova et al., 2008; Molyneaux
et al., 2007; Paul et al., 2007; Piper et al., 2009; Shu et al.,
2003). We examined the expression of several of these factors,
such as Satb2, NFia, and NFib, and found that their expression
was intact in the Msx2-Cre;Ctnnb1lox(ex3) brains at E15.5, a day
before the formation of the corpus callosum (Figure S1D).
Some of the earlier born neurons that make up layer V/VI also
contribute axons to the corpus callosum, so we also examined
Ctip2 and Tbr1, two markers of these early-born neurons. We
found that the laminar organization of the mutant cortex was
similar to wild-type littermates. We also did not see any changes
of the proliferative zone using an M-phase cell-cycle marker700 Neuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc.(phospho-histone H3 [pH 3]), ventricular zone progenitor
markers (Nestin and Pax6), or amarker for the basal intermediate
progenitors in the subventricular zone (Tbr2) (Figure S2A).
Another potential cause of callosal agenesis in these mice may
be alterations in expression of guidance molecules, such as
semaphorins, slits, Wnt5a, Draxin, and ephrins, expressed in
the cortical midline and previously shown to regulate callosal
axonal crossing (Bagri et al., 2002; Islam et al., 2009; Keeble
et al., 2006; O’Donnell et al., 2009; Paul et al., 2007). To address
this, we examined expression of a panel of these ligands and
their receptors in our mutant mice but did not observe any
obvious differences in the pattern of expression between mutant
and control brains (Figure S2B).
Wnt6 Induces Expansion of Neural-Crest-Derived
Meningeal Tissues
We wondered whether the excess Wnt6 in the head itself might
be an inhibitor of corpus callosum formation, so we electropo-
rated Wnt6 into the cortical midline prior to callosum formation
and found that the corpus callosum still formed normally (data
not shown). We reasoned that another possible mechanism
for callosal agenesis might be via the known role of Wnts as
a growth factor for neural crest cells. Because the meninges
overlying the cortex originate from the cranial neural crest
(Serbedzija et al., 1992) and Wnt6 induces expansion of cranial
neural crest cells in avian species (Garcı´a-Castro et al., 2002;
Schmidt et al., 2007), we looked for meningeal abnormalities in
the Msx2-Cre;Ctnnb1lox(ex3) mutants. We examined meningeal
development at E14.5–E15.5, before the formation of the corpus
callosum in control andmutantmice. By using Ki-67, a cell-prolif-
eration marker, we found that meningeal cell proliferation was
elevated in Msx2-Cre;Ctnnb1lox(ex3) mutants (Figure 2A0), and
this is consistent with our findings of ectopic Axin2 and Lef1
expression (Figures 1E and 1F). Furthermore, by using an anti-
Zic1 antibody, which labels meningeal cells (Inoue et al., 2008),
we found expanded meninges both over the surface of the
cortex, and, even more interestingly, in the interhemispheric
fissure where the corpus callosal axons will eventually form
(Figures 2A, 2A0, and 2B). To more carefully examine the three
meningeal layers, we used markers specific for each layer that
is expressed during embryonic development (Siegenthaler
et al., 2009; Zarbalis et al., 2007). Raldh2 normally is expressed
in the developing arachnoid meninges, but in the mutants it was
ectopically expressed under the skin, implying that Wnt6-
induced meningeal progenitors produce extra arachnoid cells
(Figure 2C). We also used anti-Foxc2 antibody, which predomi-
nantly labels the dural meningeal precursors (Zarbalis et al.,
2007); Foxc2-expressing dural cells are also expanded in the
mutant embryos (Figure 2C). Cxcl12, which labels the inner
pial layer, was likewise expanded and ectopically expressed
in the mutants (Figure 2C). These results suggest that ecto-
dermal Wnt6 induces pia, arachnoid, and dural meningeal
cells to overgrow both over the surface of the cortex and
between the hemispheres. We suspected that the non-cell-
autonomously expanded meninges may be the cause of the
corpus callosal agenesis and that perhaps we could use the
Msx2-Cre;Ctnnb1lox(ex3) mutants to identify a normal role for
the meninges in corpus callosum development.
Figure 2. Meningeal Expansion by Activation of Wnt6 in the Skin and Increased Expression of BMP7
(A, A0, and B) Low magnification (A) and high magnification (A0 and B) of Zic immunostaining in WT and Msx2-Cre;Ctnnb1lox(ex3) E14.5 heads. Lateral (A0) and
medial (B) regions of brains are presented. Staining of Ki67 shows excess meningeal fibroblast proliferation (A0, bottom).
(C) In situ hybridization of meninges-specific markers, such as Raldh2 and Cxcl12, and immunostaining of FOXC2 in the WT andMsx2-Cre;Ctnnb1lox(ex3) E15.5
forebrains.
(D) In situ hybridization of BMP7 expression in the medial meninges of E14.5 and the lateral and medial cortical regions of E15.5 WT andMsx2-Cre;Ctnnb1lox(ex3)
brains. Expression of BMP7 is increased in the meninges but also ectopically in the mesenchyme (arrows). Scale bar for E14.5 represents 100 mm.
(E) Immunostaining of phosho-SMAD1/5/8 at E13.5 and E15.5 shows increased BMP signaling in the cortex of the Msx2-Cre;Ctnnb1lox(ex3) embryos at E15.5.
GFP staining reveals the skin where Msx2-Cre is expressed. All embryos were obtained from different litters and different pairs of parents. To minimize the
staining variation, we placed control and mutant sections side by side on the same slide and stained them in the same procedure. All images in the same
comparison were acquired on the same microscopic setting. Fewer than six embryos were examined for control and experimental conditions, and these were
from multiple litters. The immunohistochemistry was performed a minimum of six times on different embryos, and the in situ hybridization was performed three
times on different embryos. Scale bars represent 200 mm.
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Meninges Control Callosum FormationElevated Bmp Signaling in the Meninges and Cortex
in Mutant Mice
TheWnt6-expression zone marks the areas of epithelial-mesen-
chymal transition, and Bmp signaling is known to be involved in
this transition (Kalluri and Weinberg, 2009; Lavery et al., 2008),and, in the mutant embryos, the development of the skull vault
appeared compromised (Figure 1B0). Because the normal source
of BMPs for much of skull development is the meninges (Kim
et al., 1998; Rice et al., 2005), we hypothesized that the ectopic
meningeal tissue may express BMP-signaling componentsNeuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc. 701
Figure 3. Midline Glial Structures Are Intact in Mutant Mice
(A) Midline glial structures are not affected in themutant, but pathfinding axons
fail to cross the midline. Immunostaining of BLBP and GFAP shows midline
glial structures, and NeuN shows subsling migratory neurons in the WT and
Msx2-Cre;Ctnnb1lox(ex3) E16.5 brains (dashed white line outlines the general
distribution of these neurons). Immunostaining of Calretinin shows guidance
neurons and their axons.
(B) BLBP staining of glial wedge before (E15.5) callosum formation and after
(E17.5) the callosum forms. All embryoswere obtained fromdifferent litters and
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702 Neuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc.affecting the skeletogenic mesenchyme for the mouse skull
vault. This also raised the possibility that excess Bmps produced
by the meninges might interfere with corpus callosum develop-
ment. We examined the expression of several Bmp ligands
and found that BMP7 was ectopically expressed in the excess
meningeal tissue at E14.5–15.5 and that the overall expression
level in the meninges was increased (Figures 2D; Figure S2C).
To determine whether the increased expression of BMP7
alters the underlying Bmp-signaling levels within the cortex, we
stained the brain with an anti-pSMAD1/5/8 antibody. This
showed that the mutant brains had increased phosphorylation
of SMAD1/5/8, confirming that the ectopic BMP7 expression in
the meninges is biologically active and increases cortical Bmp
signaling (Figure 2E). Interestingly, the increased phospho-
SMAD staining was barely present at E13.5 but dramatically
increased by E15.5 (Figure 2E), in parallel with the onset of
recombination in the skin. Phosphorylation of SMAD2, which is
a downstream target of canonical TGF-b ligands, rather than
Bmp ligands, was not induced (data not shown). An interesting
supporting point for the increased Bmp signaling in the devel-
oping cortex that we see with these markers is increased Zic1
expression in the cortical ventricular zone (Figure 2A). Zics are
known to be induced by Bmp ligands in the developing central
nervous system (CNS) (Aruga et al., 2002).
Mice with Excess Meninges Generally Have Normal
Midline Glial Development and Appropriate Production
of Cingulate Pioneer Neurons
There has been extensive study of the development of the
corpus callosum, and it is clear that some of the causes of cal-
losal agenesis are due to structural defects at the cortical midline
that lead to failure of the fusion of the midline (Paul et al., 2007).
Wewanted to determine whether the excessmeningeal tissue or
the increased BMP signaling leads to defects in the structural
elements required for corpus callosum formation. We examined
whether the midline glial structures critical for development of
the corpus callosum (Shu and Richards, 2001; Smith et al.,
2006) were affected in the mutants. Staining the E16.5 cortex
with BLBP and GFAP, markers for glial wedge cells, did not
show alterations (Figure 3A). We also used BLBP to examine
the glial wedge both before (E15.5) and after (E17.5) the callosum
forms and found that before the callosum forms, there is no clear
defect in the organization of this structure (Figure 3B). The glial
wedge is made up of radial glial cells that function both as
progenitor cells for the Calretinin-expressing medial cingulate
neurons that produce the pioneer axons crossing the callosum
and as part of the scaffolding for these crossing axons (Rash
and Richards, 2001). Anti-Calretinin antibody labeled these
cingulate neurons and their axons (Figure 3A), and the mutants
did not show any difference in the numbers of these cingulatedifferent pairs of parents. To minimize the staining variation, we placed control
and mutant sections side by side on the same slide and stained them in the
same procedure. All images in the same comparison were acquired on the
same microscopic setting. Fewer than six embryos were examined for control
and experimental conditions, and these were from multiple litters. The
immunohistochemistry was performed a minimum of six times on different
embryos. Scale bars represent 200 mm in (A) and 100 mm in (B).
Figure 4. Failure of Callosal Axon Growth Caused
by BMP7 Overexpression
Electroporation of Bmps (A and B) and Bmp receptors (C)
into the E13.5 medial cortex.
(A) Immunostaining of BLBP and Calretinin in BMP7-
electroporated cortex. The BLBP and Calretinin staining
are also shown in the insets in black and white for
increased clarity. Asterisk indicates the area of disorga-
nized Calretinin axons in the electroporated hemisphere.
(B) Immunostaining of GFP (green) and L1 (red) using
eGFP-, Bmp6-, and BMP7-electroporated E17.5 fore-
brains at the level of the corpus callosum.
(C) Immunostaining of GFP and Calretinin using E16.5
brains electroporated with mutant forms of type I
Bmp receptors, such as constitutively active (CA) and
dominant-negative (DN) Bmp receptors. For these exper-
iments, n = 6 for both experimental and control electro-
porations in each case. All immunostainingwas performed
on at least six embryos for each condition obtained from at
least two litters, and stainingwas performedmultiple times
with control and experimental samples placed on the
same slides to minimize differences in staining conditions.
Scale bars represent 200 mm.
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axon projections across the midline (Figure 3A). We also dated
the birth of Calretinin+ neurons in the cingulate cortex with
BrdU injections and found that Calretinin+ neurons were born
around E12.5 (data not shown). Staining for BrdU at E14.5 also
did not show any apparent difference in the number of neurons
born at E12.5. In addition, the subcallosal sling is made up of
a group of migratory neurons, frequently visualized with NeuN
staining (Shu and Richards, 2001), that make up the ventral limit
of callosal axon projection. In both control and experimental
acallosal mice, NeuN clearly labeled this group of glial sling
neurons (Figure 3A). All of these results suggest that neither
a mechanical effect of the excess meninges nor the ectopic
BMP7 expressed by the meninges affected the cingulate path-
finding neuron generation, the midline glial wedge, or the glial
sling neurons in the mutant medial cortex but that, nevertheless,
the axons failed to cross the midline.
Midline BMP7 Inhibits Callosal Axon Outgrowth
Although the Calretinin+ cingulate neurons were generated, their
axons failed to cross the midline in the mutant cortex (Figure 3A).
Given that the glial wedge and sling are apparently minimally
affected, we hypothesized that increased BMP7 released
by the meninges might affect axon outgrowth of cingulate
cortical neurons. To test this, we introduced a BMP7-expression
construct into the E13.5 embryonic cortical midline by in utero
electroporation. We examined the electroporated brains at
E15.5, a day before the initial pioneer axons should cross the
midline. BLBP+ midline glial structures appeared normal,
consistent with the previous results obtained frommutant brains;
however, Calretinin+ cingulate cortical axons were disorganized
in the electroporated hemisphere (Figure 4A). By E17.5, when the
corpus callosum should have formed, we found that BMP7 had
potently inhibited formation of the corpus callosum (Figure 4B).
This effect was specific for BMP7, because BMP6 expression
in the same region did not affect callosum formation (Figure 4B).
Considering the disorganization of pioneer axons at E15.5 in themidline by BMP7 overexpression, this suggests that BMP7
protein acts as an inhibitor of pioneer callosal axon outgrowth,
although another possibility is that excess BMP7 in the cortex
leads to abnormalities in the meninges at the midline.
To address this latter question, we used a cell-autonomous
means to mimic the activation of Bmp signaling in the cingulate
cortical neurons by expressing a constitutively active form of
type I Bmp receptor (CA-Bmpr1a) in the medial cortex from
E13.5 to E16.5, when the first cingulate callosal axons cross
the midline. We compared this to eGFP controls, as well as to
overexpression of dominant-negative forms (DN-Bmpr1a) (Fig-
ure 4C). This experiment showed that cell-autonomous activa-
tion of BMP signaling in the cingulate cortical neurons inhibited
the growth of corpus callosal axons in the electroporated hemi-
sphere; however, the dominant-negative form of type I Bmp
receptors had no apparent effect on callosum formation (Fig-
ure 4C). This result supports the idea that BMP7 in the midline
meninges acts as an inhibitor of corpus callosal axons crossing
the midline and rules out the possibility that BMP7 expressed
within the cortex is nonautonomously acting on meningeal cells
and reciprocally inhibiting callosal outgrowth. One of the impor-
tant features of these experiments is that manipulation of one
side of the cortex apparently is sufficient to block the formation
of this commissure with bilateral contributions. This suggests
that the initial formation of the callosum by Calretinin+ cingulate
pioneer neurons involves interaction of these axons from both
sides at the midline, perhaps via a mutual handshake.
Mice with Midcorticogenesis Meningeal Defects Have
Expansion of the Corpus Callosum
Our initial observations are consistent with the idea that BMP7,
expressed by the meninges, is a potent negative regulator of
corpus callosum formation. Our data mostly rests on the gener-
ation of a mouse mutant that has meningeal overgrowth,
although the direct ectopic expression of BMP7within the cortex
also blocks callosum formation. To strengthen our arguments,
we wanted to develop comparable loss-of-meningeal-functionNeuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc. 703
Figure 5. Enlarged Corpus Callosum in the Loss-of-Function Meninges Mutants
(A) ROSA-LacZ CRE reporter line shows Pdgfrb-Cre expression in the midline meninges at E14.5. LacZ is also expressed in the pericytes, which are widely
associated with blood vessels in the brain.
(B) In situ hybridization of Bmp7 using E15.5 brain tissues from Pdgfrb-Cre;Foxc1lox/+, Pdgfrb-Cre;Foxc1lox/lox, Pdgfrb-Cre;Ctnnb1lox(lof)/+, and Pdgfrb-
Cre;Ctnnb1lox(lof)/(lof).
(C) Immunostaining of phospho-SMAD1/5/8 (red) at E15.5 and L1 (green) is counterstained.
(D) Immunostaining of L1 and Calretinin shows corpus callosum at E17.
(E) Graph depicts the size of L1-stained corpus callosum.
(F) Graph shows the size of the corpus callosum at multiple anatomic levels, reflecting the distance in the rostralcaudal plane from the hippocampal commissure.
n = 7 for each genotype for this measurement.
(G) Development and anatomy of the corpus callosum in Pdgfrb-Cre;Foxc1lox/+, Pdgfrb-Cre;Foxc1lox/lox, Pdgfrb-Cre;Ctnnb1lox(lof)/+, and Pdgfrb-
Cre;Ctnnb1lox(lof)/(lof)mice at an early stage of callosumdevelopment (E16.0). The graph shows the size of the corpus callosum at E16.0. The asterisk indicates that
the mutants are significantly different than their genotype control, p < 0.05 using Student’s t test, and n = 4 for these callosal measurements. Scale bars represent
100 mm. Error bars correspond to SEM.
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the meninges in the formation of the callosum. We wished to
undertake two approaches toward this goal but first needed to
identify a meninges-selective Cre line, preferably one that began
expression in the meninges at a later developmental time point,
thus allowing us to generate mice with a more limited meningeal704 Neuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc.phenotype. To this end, we tested the Pdgfrb-Cre line (Foo et al.,
2006) and found that it is active in some meningeal derivatives in
addition to blood vessel-associated pericytes (as well as neural
crest-derived cells) beginning at about E13.5 (Figure 5A).
We previously showed that Foxc1 mutant mice have major
defects in meningeal development (Siegenthaler et al., 2009;
Neuron
Meninges Control Callosum FormationZarbalis et al., 2007) and that these mice largely lack meningeal
cells over much of their cortex, including the medial cortex.
Failure to form normal meninges leads to detachment of
the radial glial cells from the basement membrane and
major neurogenic defects, so the resulting mice lack most cal-
losal projection neurons (Siegenthaler et al., 2009; Zarbalis
et al., 2007). However, by using the Pdgfrb-Cre line and a
conditional Foxc1lox line, we generated mice with a later deletion
of Foxc1 that have a relatively intact brain organization. Analysis
of these late meningeal Foxc1 mutants at E15.5 shows that
there is reduced meningeal BMP7 expression in these mice
both over the cortex and in the interhemispheric fissure (Fig-
ure 5B). Zic1+ meningeal cells are diminished in the interhemi-
spheric fissure of Pdgfrb-Cre;Foxc1lox/ lox mice, indicating that
decrease in BMP7 is likely due to a reduction in BMP7-express-
ingmeningeal cells (Figure 5C, we used ‘‘fl’’ for floxed allele in the
figures).
Msx2-Cre;Ctnnb1lox(ex3) mutant mice have excess meninges
due to increased production of Wnt6 by the overlying skin.
Expansion of the meninges is accompanied by increased
expression of a target of the Wnt signaling pathway (Axin2), as
well as a Wnt-signaling mediator (Lef1). This suggests that
canonical Wnt signaling may be an important component of
meningeal development. Indeed, previous studies using the
Wnt1-Cre line crossed with the Ctnnb1lox(lof) allele had shown
a failure of formation of many cranial neural crest components
(Brault et al., 2001); however, this phenotype is developmentally
too early to evaluate callosal crossing. Instead, we crossed
the Ctnnb1lox(lof) with the Pdgfrb-Cre line and found that, similar
to the Pdgfrb-Cre;Foxc1lox/ lox mutants, there was a notable
decrease in meningeal BMP7 and a reduction in interhemi-
spheric meningeal cell numbers (Figures 5B and 5C).
We next used our two meningeal mutants to determine how
loss of midline BMP7 affects callosal crossing. In addition to
the reduced expression of BMP7 in the meninges (Figure 5B),
there were markedly decreased levels of phospho-SMAD1/5/8
activity in the medial cortex of both mutants (Figure 5C). Thus,
these mice apparently have the opposite phenotype of the
Msx2-Cre;Ctnnb1lox(ex3) mice in that they have less interhemi-
spheric meninges and, consequently, reduced BMP7 and BMP
signaling. Next, we examined the development of the corpus
callosum in these mice and found that, remarkably, the Pdgfrb-
Cre;Ctnnb1lox(lof) and Pdgfrb-Cre;Foxc1lox mice had larger
corpus callosums than their littermate controls, with more axonal
fibers crossing (Figure 5D). We quantified this difference by
measuring the corpus callosum in cohorts ofmutants and control
mice and found that the callosum was significantly increased in
size at E17.5 throughout the rostrocaudal anatomic levels of the
corpus callosum (Figures 5E and 5F).
One important question to address is why the callosal size is
increased in these mice. One possibility is that the callosum is
larger because it begins to be formed earlier (due to loss of
Bmp7 from the meninges), and thus is larger at the stages we
examined. To address this, we examined the size of the callosum
in these two mutant lines at an earlier stage, when the callosum
has just started forming, E16. At this time, the mutant mice still
have a marked increase in callosal size (Figure 5G), consistent
with the idea that the callosum begins to form early in thesemutants and is thus at a more advanced stage of development
at E17.5.
It is also important to consider increased production of callosal
projection neurons as a potential mechanism for the increase in
callosal size in mice with meningeal phenotypes. To address
this, we examined the expression of layer-specific markers
in the developing cortex of both lines, as well as the Msx2-
Cre;Ctnnb1lox(ex3) mice. Interestingly, we found that the Pdgfrb-
Cre;Foxc1lox, but not the Pdgfrb-Cre;Ctnnb1lox(lof), mice have
an alteration in the numbers and distribution of superficial
neurons that would contribute to the callosum (Figure S3).
Because we observed this phenotype in only one of the lines,
we suspect that this is not the cause of the increased callosal
size; rather, it is accelerated formation of the callosum due to
early crossing in mice lacking Bmp7 at the midline.
Wnts Are Positive Regulators of Callosal Axon Growth
Our data thus far is consistent with the idea that the meninges
normally limit the formation of the corpus callosum and that
one of the important mediators of this function is BMP7 ex-
pressed by the meninges that acts on the medial cortex and
cingulate pathfinding axons. One puzzling aspect of these
observations is the fact that, normally, BMP7 is expressed in
the midline meninges, albeit at lower levels; yet, these axons still
do manage to cross the midline in the face of the normal pres-
ence of BMP7. Why does the callosum ever form if BMP7 is
always present in the meninges? The corpus callosum is the
only cortical structure in which axons make trajectories across
meningeal tissues. In this sense, it seems possible that there is
a BMP7-counteracting molecule in the cortical midline that is
induced prior to formation of the corpus callosum and that the
action of BMP7 produced by the meninges is, in part, to prevent
premature formation of the corpus callosum until this positive
influence is produced. Because Frizzled-3 mutant mice,
which fail to transduce much Wnt signaling in the cortical
projection neurons, also fail to form the corpus callosum
(Wang et al., 2002) andWnt signaling is critical for axon guidance
in other areas of the nervous system (Agalliu et al., 2009; Bovo-
lenta et al., 2006; Ciani and Salinas, 2005; Dickson, 2005;
Krylova et al., 2002; Lyuksyutova et al., 2003; Maro et al.,
2009; Schmitt et al., 2006), we wondered whether a Wnt signal
might be the positive cue that allows pioneer axons to cross
the midline. To address this, we inhibited endogenous Wnt
signaling in the medial cortex of normal mice by electroporating
the soluble Wnt inhibitor Dkk1 into the cortical midline. This
resulted in the failure of cingulate axons to cross the midline
and led to callosal agenesis (Figure 6A), indicating a probable
role for Wnt signaling in this process and making a Wnt ligand
a possible key regulator of the formation of the callosum.
In order to determine the likely endogenous Wnt ligand
responsible for this function, we screened expression of Wnt
genes by in situ hybridization to see which Wnt is expressed in
a manner supporting a role in cingulate cortical axon projection
toward the contralateral cortex. We found that Wnt3 is
expressed in a subpopulation of the midline cingulate cortical
neurons in control mice at E14.5, just before the callosum is
formed (Figure 6B). Interestingly, in the Msx2-Cre;Ctnnb1lox(ex3)
embryos at E14.5, Wnt3 expression was absent where theNeuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc. 705
Figure 6. Wnt3 Antagonizes the Negative Effects of BMP7
(A) Wnt signaling is required for corpus callosum formation. Immunostaining of GFP and Calretinin in E16.5 brains electroporated with eGFP or Dkk1 at E13.5
shows that inhibiting Wnt signaling at the midline blocks corpus callosum formation. Electroporations were performed six times.
(B) In situ hybridization ofWnt3 expression in theWT andMsx2-Cre;Ctnnb1lox(ex3) E14.5 heads shows that Wnt3 expression is missing from the midline of mutant
mice. The in situ hybridization was repeated three times on different samples from different litters.
(C) Inhibition of BMP7 effect on Calretinin+ axon growth by Wnt3 in vitro. BMP7- orWnt3-expressing COS7 cells were cocultured with midline cortical neurons
obtained at E14.5. The diagram shows quantification of type A and type B axons. Significance value was considered by Student’s t test, p < 0.001. The actual
numbers of cells assayed were 96/180 (GFP), 90/138 (Wnt3), 372/396 (Bmp7), and 72/192 (Bmp7 + Wnt3), and the experiment was repeated three times. Scale
bars represent 200 mm in (A) and (B) and 100 mm in (C). Error bars correspond to SEM.
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Wnt3 is apparently expressed in the right location to be the
Wnt ligand regulating callosum formation and, strikingly, is also
missing from acallosal Msx2-Cre;Ctnnb1lox(ex3) mutant mice.
Wnt3 Antagonizes the Negative Effects of BMP7
on Callosal Axon Outgrowth and Rescues
the Callosum of Mutant Mice
Our results suggest amodel in whichWnt3 is expressed in cingu-
late neurons at the cortical midline in order to act locally to
oppose the negative influence of BMP7 from the meninges,
and the appearance of Wnt3 at E14.5 is a crucial step toward
corpus callosum formation. We designed both in vivo and
in vitro experiments to test whether Wnt3 interacts with BMP7
in regulating callosal axon growth. Initially, we tested whether
the meninges produce a secreted chemorepellent by using
collagen explant assays. We embedded explants of cingulate706 Neuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc.cortex in collagen and confronted them with either meningeal
explants from control and mutant mice with excess meninges
(theMsx2-Cre;Ctnnb1lox(ex3) mice) or COS7 aggregates express-
ing BMP7. These experiments revealed no evidence of any
repellent effect at a distance by the meninges (Figure S4).
Next, in order to determine whether there is a more short-range
or contact-dependent effect, we collected midline cortical
neurons from E14.5 embryonic brains and cocultured cortical
neurons with COS7 cells expressing BMP7, Wnt3, or both
ligands. In these cultures, Calretinin+ axons frequently grew
out but failed to grow across BMP7-expressing COS7 cells,
similar to the effects of many axonal growth inhibitors in other
systems (Law et al., 2008; Niederkofler et al., 2010). To quantify
this effect, we counted the number of axons that approached
BMP7-expressing COS7 cells but did not cross them (type A
axons) and that grew across the BMP7-expressing COS7 cells
(type B axons) and found that BMP7 is a potent inhibitor in this
Figure 7. Coexpression of Wnt3 Blocks the Negative Effects of BMP7 In Vivo
(A) Coelectroporation was conducted with the combination of BMP7 with eGFP or Wnt3 at E13.5, and the brains were analyzed at E17.5 for callosal agenesis.
(B) Wnt3 overexpression rescues corpus callosum formation in Msx2-Cre;Ctnnb1lox(ex3) mutant mice. Mutant mice were electroporated in utero at E13.5 with
eGFP or Wnt3 plasmids and then stained for GFP, Tag1, or L1 expression.
(C) Expression of phospho-SMAD1/5/8 after electroporation of BMP7 with eGFP or Wnt3. For all of the experiments in this figure, n = 6 for experimental and
control conditions. Scale bars represent 200 mm.
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compared to GFP-transfected COS7 cells (Figure 6C). Wnt3
expression alone had no clear effect on axon growth compared
to control. In both the Wnt3 and GFP conditions, many axons
(about 60%) freely grew across the COS7 cells (Figure 6C). To
test the ability of Wnt3 to antagonize the negative effects of
BMP7 in this assay, we coexpressed the ligands and found
that Calretinin+ axons now quite readily crossed BMP7 +
Wnt3-expressing COS7 cells (Figure 6C, p < 0.001). Thus,
Wnt3 apparently has minimal, if any, stimulatory effect on axon
growth in this assay unless BMP7 is present, in which case it
apparently counteracts the negative effects of BMP7.
To examine this interaction in vivo, we introduced BMP7 along
with Wnt3 in utero. Strikingly, we observed formation of the
corpus callosum when we expressed Wnt3 expression alongwith BMP7 (Figure 7A). Thus, it appears that Wnt3 is able to
counteract the negative effects of BMP7 on callosal pathfinding
axon outgrowth. This is consistent with the onset and spatial
distribution ofWnt3 at E14.5 being a critical regulator of callosum
formation by allowing the pioneer axons to cross the BMP7-
expressing midline meninges.
Because the mutant cortex lost Wnt3 expression before
the initial pioneer axons crossed the midline, we wondered
whether adding back Wnt3 would rescue the failure of the
pioneer axons crossing the midline in the mutants with excess
meninges (the Msx2-Cre;Ctnnb1lox(ex3) mice). To test this, we
electroporated a Wnt3-expression construct into the midline
cortex of Msx2-Cre;Ctnnb1lox(ex3) mice at E13.5 and examined
E17.5 embryos and found that TAG1- and L1-positive corpus
callosal axons are obvious in the Wnt3-electroporated brain,Neuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc. 707
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trajectories (Figure 7B).
To further address our hypothesis that Wnt3 signaling antago-
nizes BMP7 signaling, thereby allowing the corpus callosal
axons to cross the midline, we examined staining for pSMAD1/
5/8 in the medial cortex of BMP7-electroporated mice either
with GFP or Wnt3 coelectroporation. In mice that were electro-
porated with BMP7 and GFP, as expected, the level of
pSMAD1/5/8 immunoreactivity was markedly increased in the
BMP7-electroporated medial cortex (Figure 7C). However,
when Wnt3 was coelectroporated with BMP7, and the brains
were examined 3 days later, the pSMAD1/5/8/ levels were blunt-
ed and were perhaps even lower than those seen in the opposite
unelectroporated hemisphere (Figure 7C). To quantify these
effects, we performed western blotting for pSMAD1/5/8 and
normalized the signal to antibodies for GAPDH or all forms of
SMAD1. In these experiments, we found that BMP7 + eGFP-
electroporated cortex had a 40% higher level of pSMAD1/5/8
compared to cortex electroporated with Wnt3 + BMP7 (Figures
S5A and S5B). We also examined the fluorescence-intensity
ratio of the tissues labeled with pSMAD1/5/8 antibody on the
electroporated side compared to the opposite hemisphere in
BMP7 + eGFP-electroporated mice versus Wnt3 + BMP7-elec-
troporated mice (essentially quantitating the signal in Figure 7C
but in five new electroporated embryos in each condition) and
found a dramatic difference in the pSMAD1/5/8 ratio between
the two conditions (Figure S5C).
Gdf5 from Cajal-Retzius Cells and Its Inhibitor Dan
from the Meninges Control Wnt3 Expression
and Regulate Corpus Callosum Formation
Our analysis so far has led us to propose that BMP7 helps to
block the formation of the corpus callosum by inhibiting callosal
pioneer axon outgrowth, thereby inhibiting formation of the
corpus callosum until such time as Wnt3 expression begins in
the pioneer neurons and antagonizes the effects of BMP7, allow-
ing initial callosal axon outgrowth. This left us with one significant
puzzle: why were the Msx2-Cre;Ctnnb1lox(ex3) mice missing the
expression of Wnt3? We hypothesized that another secreted
factor normally produced by the meninges was also overex-
pressed in the mutants and that this factor helps to regulate
Wnt3 expression in the cingulate cortex. Our thoughts immedi-
ately turned to the Gdf5/6/7 inhibitory molecule Dan (Dionne
et al., 2001), which some time ago we showed is expressed by
the meninges (Kim and Pleasure, 2003). In that same study, we
also showed that one of the ligands that Dan inhibits, Gdf5, is
expressed by the Cajal-Retzius cells, but we were unable at
that time to identify any functional significance for this pattern
of expression (Kim and Pleasure, 2003). Interestingly, the Cajal-
Retzius cells are the most superficial cortical neurons in layer 1
and lie immediately adjacent to the cingulate pioneer neurons
in the medial cortex.
To test the role of these factors, we examined the expression
of Gdf5 and Dan in the mutant mice and found that Gdf5 is ex-
pressed in Cajal-Retzius cells in both control and mutant mice
(Figures 8A and 8C), and the expanded meninges in the mutant
express abundant Dan (Figures 8B and 8B0), implying that the
levels of this inhibitor were increased in the vicinity. We also708 Neuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc.performed double labeling in the dorsal neocortex using Calreti-
nin as a Cajal-Retzius cell marker (in the cingulate Calretinin
stains, both pathfinding neurons and Cajal-Retzius cells, but, in
the rest of the cortex, Calretinin is a selective marker for Cajal-
Retzius cells) and confirmed that Gdf5 was coexpressed by
Cajal-Retzius cells, whereas Dan was expressed in the overlying
meninges (Figure 8C). We then examined whether electropora-
tion of Gdf5 in the midline of the cortex at E12.5 is sufficient to
induce early Wnt3 expression by E14.5 and found that, indeed,
Gdf5 electroporation induces low levels of Wnt3 expression in
the medial cortex (Figure 8D). Thus, our model is that Wnt3
expression in the cingulate pioneer neurons is normally positively
controlled by GDF5 activity from the adjacent Cajal-Retzius
neurons but that the excess meningeally produced Dan in the
mutant leads to decreased expression of Wnt3 in the mutant
embryos. If our observations and model are correct, then over-
expression of Dan in the cortical midline should also inhibit
corpus callosum formation by antagonizing the actions of
Gdf5. Indeed, expression of Dan led to delay of Calretinin+ path-
finding axons crossing themidline and failure of corpus callosum
formation compared to control at E16.5 (Figure 8E), although this
effect was apparently transient, because by E17.5, the callosum
was formed in these mice (data not shown). This result implies
that Wnt3 expression is finely controlled by neighboring cell
types which control the timing of corpus callosum formation by
inducing the expression of Wnt3, allowing these axons to over-
come the inhibitory effects of BMP7 from the meninges.
DISCUSSION
BMP7 from the Interhemispheric Meninges Prevents
Crossing of Callosal Axons
One of the early events in corticogenesis is the elaboration of the
cranial neural crest, which is derived from mesenchymal cell
layers that make up the meninges (Alcolado et al., 1988; Etch-
evers et al., 1999; Mack et al., 2009; Siegenthaler et al., 2009;
Vivatbutsiri et al., 2008; Zarbalis et al., 2007). Generally, the
meninges have been neglected as a significant source of devel-
opmental signals that regulate cortical development, but, in
recent years, several laboratories, including our own, have
shown that the meninges control aspects of cortical neurogene-
sis and neuronal migration (Borrell and Marı´n, 2006; Li et al.,
2008; Lo´pez-Bendito et al., 2008; Paredes et al., 2006;
Siegenthaler et al., 2009). Our experiments show that BMP7,
which is either produced by overexpression in themedial cortical
wall or by hyperplastic meninges, is sufficient to cause callosal
agenesis. In addition, we have shown that mice with limited mid-
corticogenesis defects in the meninges and reduced BMP7
expression have increased callosal thickness. Thus, we believe
that one important function of the meninges may be to prevent
early formation of the corpus callosum. Our conclusions are
somewhat different than those of another group that also found
that loss of BMP7 blocks callosum formation (Sa´nchez-Cama-
cho et al., 2011). In that study, the authors found that mutants
lacking BMP7 were also acallosal and concluded that this was
due to abnormal development of the midline glial structures.
They thus concluded that BMP7 acts primarily to control glial
development at themidline. However, because their conclusions
Figure 8. Control ofWnt3 Expression by the Interaction of Cajal-Retzius Cells and Meningeal Cells
(A, B, and B0) In situ hybridization of Gdf5 (A) and Dan (B and B0) expression in the WT andMsx2-Cre;Ctnnb1lox(ex3) E15.5 heads. Gene expression in the medial
regions (A and B) and lateral regions (B0 ) are presented.
(C) Double in situ hybridization and Calretinin immunostaining (Cajal-Retzius cells) in the lateral cortex reveal cell-type-specific expression ofGdf5 (Cajal-Retzius
cells), Dan (meningeal fibroblast), and BMP7 (meningeal fibroblast).
(D) In situ hybridization ofWnt3 using E14.5 cortex electroporated withGdf5 or BMP7 at E12.5. Insets represent the GFP immunostaining of the adjacent section
to reveal the electroporated side. n = 3 for all of the above in situ hybridization experiments.
(E) Electroporation of eGFP and Dan into the E13.5 medial cortex with immunostaining of GFP (green) and Calretinin (red) at E16.5. Note that corpus callosum
formation and crossing of Calretinin+ axons is blocked by excess Dan (n = 6 for experimental conditions and n = 6 for control for this experiment). Comparison of
the electroporated samples was conducted by using embryos obtained from the same litters tominimize the individual variation. The embryos are electroporated
at E13.5, with experimental electroporations performed in one half of the uterine horns and the control in the other half. Because the experiment is terminated at
E16.5, it is easy to return to the same embryos for analysis. Scale bars represent 100 mm in (A)–(D) and 200 mm in (E).
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quite possible that thesemice had additional midline defects that
contributed to their findings. The generally subtle findings that
they showed on the development of the midline glia and our
additional studies that show the interactions of Wnt3 and
BMP7 (including the rescue of BMP7 effects by Wnt3, the
actions of dominant-active Bmpr1a on callosum formation, and
our finding of direct in vitro effects of BMP7 on pathfinding
axons) indicate a more specific and direct role of BMP7 on
formation of the callosum.
Why is it important that the corpus callosumbe prevented from
forming early? One likely reason is the role of the midline glial
specializations and guidance cues from the septum underlying
the callosum. These are not apparently affected in our mutant
mice, but they do not normally develop until just before the cal-
losal pathfinding axons project across themidline. It seems likely
that these regulate the connectivity of the two hemispheres, as
well as the formation of other ascending and descending tractsthat form in the area. If these midline specializations are not
present as callosum formation proceeds, this may lead to disor-
ganization. Another reason is that one of the primary sources
of callosal axons (along with the callosal projection neurons of
layer 5) is the superficial Satb2-expressing neurons of layers
2–4, born between E14.5–17.5. It is possible that it is crucial
that these later-born neurons be present at the time the callosum
forms for proper initial organization of the callosal projections;
perhaps these cells play some additional intermediate regu-
latory roles as the axons cross and enter the opposite hemi-
sphere. Future studies will be needed to address this. Thus, an
important function of the meninges and BMP7 is apparently to
serve as a barrier to early projection of axons across the midline.
Induction of Wnt3 in Callosal Pioneer Neurons
Overcomes BMP7 Inhibition
Given that the meninges and BMP7 provide a barrier to callosal
development, why does the callosum form at all? PreviousNeuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc. 709
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extend axons that serve as pioneer axons to form the initial
callosal connection (Koester and O’Leary, 1994; Ozaki and
Wahlsten, 1998; Rash and Richards, 2001). These cingulate
neurons are adjacent to the Cajal-Retzius cells and meningeal
tissues. It is at this time that Wnt3 expression commences in
these cells and allows them to overcome the negative effects
of BMP7. In our mutant mice, this interaction is apparently
ineffective, because Wnt3 expression is not induced in these
neurons.
The induction of Wnt3 expression in the cingulate neurons
thus presents a key step in the development of the corpus cal-
losum, and perhaps it also was an important evolutionary devel-
opment accompanying the appearance of the corpus callosum
as a relatively late specialization coincident with the massive
expansion of the cortex in mammals. Amazingly, the induction
of Wnt3 expression is also, albeit indirectly, under the control
of the meninges. Our mice, which express stabilized b-Catenin
using Msx2-Cre in the skin, leading to meningeal hyperplasia,
allowed us insight into this critical time of corpus callosum
formation. Expression of b-Catenin in the skin induces Wnt6
in the skin, leading to expansion of the neural-crest-derived
meningeal cells that lead to excess Zic+/Sdf1+/Dan+/BMP7+
meningeal tissue.
Throughout the neuraxis of vertebrates, the dorsal neural tube
develops under the influence of both Bmps and Wnts (Lee and
Jessell, 1999; Lee et al., 1998; Liem et al., 1995; Megason and
McMahon, 2002). Both families of morphogens have also been
described as having axon guidance roles. The interaction of
Wnt3 and BMP7 functions in corpus callosum formation raises
the possibility that antagonism between Wnts and BMPs is
generally more involved in development of the CNS.
Callosal Agenesis in Humans
Agenesis of the corpus callosum is found in 1 in 4,000 individuals
and is associated with a wide range of developmental defects
and syndromes (Paul et al., 2007). Many affected patients have
mental retardation, seizures, or autism spectrum disorders.
There are many causes of callosal agenesis in humans, and it
is commonly associated with cortical malformations or other
midline defects, although it can also be an isolated finding in
otherwise quite normal individuals. There are many identified
genetic syndromes associated with callosal agenesis, some
with identified genes and many others with still unidentified
genes (Paul et al., 2007). One interesting, recently identified
callosal agenesis gene is the Zfhx1b (also called SMAD-interact-
ing-protein 1 [Sip1]) transcription factor that has been identified
as the etiology of Mowat-Wilson syndrome (Mowat et al., 2003).
In mice, this transcription factor has been shown to be down-
stream of Bmp signaling in the cortex and to also integrate this
pathway with Wnt signaling in cortical midline development
(Miquelajauregui et al., 2007). This is particularly interesting,
considering our finding in this study that there are potent roles
for both Bmp and Wnt signaling in regulating the development
of the corpus callosum. It seems likely that other genes regu-
lating these pathways will turn out to be causative for callosal
agenesis as some of the syndromes with unknown genes are
identified. In addition, our discovery that an inherited form of710 Neuron 73, 698–712, February 23, 2012 ª2012 Elsevier Inc.callosal agenesis (the mutant phenotype in our mice) could be
rationally targeted and successfully treated by replacing a
signaling molecule missing in the mutant mice is of potential
significance for the future application of translational ap-
proaches to developmental disorders. It is possible that future
application of reagents that regulate signaling at the appropriate
developmental time could provide specific interventions, allow-
ing treatment of patients with developmental phenotypes asso-
ciated with specific defects in axon outgrowth.
EXPERIMENTAL PROCEDURES
Animals
The individual alleles used in the study are detailed in the Supplemental Exper-
imental Procedures. All mice were bred using standard mouse husbandry
approaches to obtain the genotypes described in the text and according
to UCSF IACUC standards and protocols. In addition, all procedures were
performed with approval of the UCSF IACUC.
In Utero Electroporation
This procedure was performed using a standard procedure with plasmids as
described in the text. For all electroporation experiments, multiple litters (at
least three) were obtained for each construct and high-expressing, properly
targeted electroporations were collected. A minimum of n = 6 were examined,
and the results were uniform.
Immunostaining, In Situ Hybridization, Western Blots, and
Quantitative RT-PCR
Standard techniques were used for all of this analysis and are described in
detail in the Supplemental Experimental Procedures, as well as the sources
for antibodies and materials. All staining experiments were performed by
comparing control andmutant sections stained on the same slides tominimize
variation.
Coculture of COS7 Cells with Cortical Neurons and Explant Cultures
COS7 cells were transfected with plasmids as described in the text and cocul-
tured with dissociated cingulate cortical neurons. Cingulate explants were
embedded in collagen and cocultured with meningeal explants as described
in the text.
Statistics
For the pairwise analysis of cell counting from coculture of cingulate neurons
and COS7 cells, Student’s t test was used to evaluate the significance. Error
bars depict ± SEM.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j.neuron.2011.11.036.
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